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Little is known about the mechanisms that control the development of regional identity in the mammalian telencephalon.
The Gli family of transcription factor genes is involved in the regulation of pattern at many sites in the embryo and is
expressed in the embryonic mouse telencephalon. We have analyzed telencephalic patterning in the extra-toes J (XtJ) mouse
mutant, which carries a deletion in the Gli family member Gli3. We report that dorsoventral patterning of the telencephalon
is dramatically disrupted in the XtJ mutant. Specific dorsal telencephalic cell types and gene expression patterns are lost in
homozygous XtJ mutants, and features of ventral telencephalic identity develop ectopically in the dorsal telencephalon.
his partial ventralization of the dorsal telencephalon does not appear to be induced by an expansion of Sonic hedgehog
xpression in the telencephalon, but may be due to a loss of Bmp and Wnt gene expression in a putative dorsal telencephalic
signaling center, the cortical hem. Our findings suggest that in dorsal telencephalon Gli3 is needed to repress ventral
telencephalic identity. © 2000 Academic Press
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MINTRODUCTION
The embryonic mammalian telencephalon is divided into
dorsal and ventral sectors that have distinct molecular
features and generate different structures (Anderson et al.,
1997; Puelles and Rubenstein, 1993; Sussel et al., 1999).
The dorsal telencephalon develops as a smooth sheet of
neuroepithelium that gives rise to cerebral cortex tissue and
the telencephalic choroid plexus epithelium (CPe). The
embryonic ventral telencephalon is composed of two pro-
liferating cell masses, the medial and lateral ganglionic
eminences (MGE and LGE), which generate basal ganglia
nuclei, basal forebrain limbic system structures, and some
cortical interneurons (Anderson et al., 1997; Sussel et al.,
999). The mechanisms that pattern the telencephalon into
hese anatomical and functional divisions are still poorly
nderstood.
The Gli family of transcription factor genes, which are
ertebrate homologs of the Drosophila zinc finger gene
1 Present address: Tata Institute of Fundamental Research, Homi
Bhabha Road, Colaba, Mumbai 400,005, India.
2 Correspondence may be addressed to either author. Fax: 773-
02-1216. E-mail: egrove@drugs.bsd.uchicago.edu or cliff@drugs.
sd.uchicago.edu.
254ubitus interruptus (ci) (Orenic et al., 1990), are important
egulators of pattern at many sites in the embryo. Mouse
utants deficient in Gli3 show limb and lung abnormali-
ies and partially penetrant midbrain exencephalies (Bus-
her et al., 1997; Grindley et al., 1997; Johnson, 1967;
otoyama et al., 1998). Mice deficient in Gli2 display
pronounced skeletal abnormalities and ventral patterning
defects in the brainstem and spinal cord (Ding et al., 1998;
Matise et al., 1998; Mo et al., 1997). Indicating a role for Gli
genes in telencephalic development, all three Gli genes are
expressed in the embryonic mouse telencephalon. Gli1 is
expressed in a complex pattern in the ventral telencepha-
lon; Gli2 and Gli3 are more broadly expressed in both the
dorsal and the ventral telencephalon (Grove et al., 1998b;
Hui et al., 1994; Schimmang et al., 1992). The Gli genes
thus appear to be good candidates for involvement in
telencephalic patterning.
Extra-toes mice carry mutations in Gli3 (Hui et al., 1994;
Schimmang et al., 1992; Vortkamp et al., 1992) and show a
range of telencephalic defects including disruptions of ce-
rebral cortical morphology (Franz, 1994; Grove et al., 1998b;
Theil et al., 1999). In this and a previous study (Grove et al.,
1998b), we analyzed the XtJ mutant mouse line, which
carries a large deletion of the 39 end of Gli3 (Hui et al.,
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255Disrupted Telencephalic Patterning in XtJ Mice1994). Several considerations suggest the hypothesis that
dorsoventral patterning of the telencephalon could be dis-
rupted by the XtJ mutation and that this patterning defect
ccounts for some of the morphological abnormalities ob-
erved in the mutant. In homozygous XtJ mutants, the two
dorsalmost telencephalic structures appear to be missing.
The telencephalic CPe is absent, as also observed in XtH
mice (Franz, 1994), and the medial margin of the embryonic
cerebral cortex, the “cortical hem,” as defined by expres-
sion of multiple Wnt genes, appears to be lost (Grove et al.,
1998b). The XtJ mutation is thus associated with the loss of
specifically dorsal telencephalic cell types and gene expres-
sion patterns.
The cortical hem is derived from the dorsal midline of the
telencephalic vesicle and is marked by the expression of
multiple Wnt and Bmp genes (Furuta et al., 1997; Grove et
al., 1998b). In its position and gene expression, the cortical
hem thus resembles the roof plate in the spinal cord and
hindbrain and may constitute a dorsal telencephalic signal-
ing center (Furuta et al., 1997; Grove et al., 1998b). In the
caudal neuraxis, signals from the roof plate, mediated in
part by Bmp and Wnt signaling, direct development of
dorsal neural tube cell types and regulate broad dorsoven-
tral patterning (Liem et al., 1997; Tanabe and Jessell, 1996).
The expression of multiple Bmp genes in the cortical hem
region of the XtJ mutant was not examined previously
(Grove et al., 1998b). However, if both dorsally expressed
Bmp and Wnt genes are depleted in the XtJ mutant, then
ignals that are potentially critical for establishing the
egional identity of the dorsal telencephalon may be lost.
In the ventral telencephalon, regional cell identity ap-
ears to be regulated by the signaling protein Sonic hedge-
og (Shh) (Ericson et al., 1995; Kohtz et al., 1998; Shi-
amura and Rubenstein, 1997) in a manner reminiscent of
he role of Shh in the ventral spinal cord and brainstem
Tanabe and Jessell, 1996). Shh is expressed both in axial
esendoderm underlying the medial forebrain and in ven-
romedial forebrain, and a Shh signal derived from one or
oth of these sites may regulate development of ventral
elencephalic cell types (Dale et al., 1997; Kohtz et al.,
998; Shimamura and Rubenstein, 1997; Sussel et al.,
999). Previous findings suggest a hypothesis that telence-
halic Shh signaling is altered by the XtJ mutation. In
homozygous XtJ mutants, Shh expression has been detected
n the anterior limb bud and in dorsal spinal cord, sites
here Shh is normally absent (Buscher et al., 1997; Masuya
et al., 1995; Ruiz i Altaba, 1998). These observations
suggest that Gli3 normally acts to repress Shh transcription
and that Shh expression could also be upregulated at other
ites in the mutant, including the telencephalon.
Finally, Gli family members are involved in a complex
anner in mediating Shh signal transduction. Gli1 appears
o function as a transcriptional activator whose expression
s induced by Shh (Dai et al., 1999; Lee et al., 1997).
olecular analysis of Gli2 and Gli3 and the Gli1 promoter
uggests that Gli2 and Gli3 can directly mediate the acti-
ation of Gli1 gene expression in response to a Shh signal
Copyright © 2000 by Academic Press. All rightDai et al., 1999; Sasaki et al., 1999). Consistent with this
iew, in mutants where Gli2 function has been disrupted by
ene targeting, spinal cord and brainstem cell types induced
y high concentration of Shh are lost (Ding et al., 1998;
atise et al., 1998). A role for Gli3 in this signaling is
uggested by the finding that Gli2/Gli3 double mutant mice
how more severe defects than do mice deficient for Gli2
lone (Hardcastle et al., 1998; Mo et al., 1997; Sasaki et al.,
999). Thus, the XtJ mutation might also disrupt telence-
phalic patterning by disabling the transduction of a Shh
signal.
These considerations led us to analyze further the devel-
opment of dorsal structures and of broad dorsoventral
pattern in the XtJ mutant telencephalon. We examined in
omozygous XtJ mutants the expression of genes encoding
xial signaling molecules, including Shh; and Wnt and Bmp
enes, molecular markers of medial telencephalic regions,
ncluding the embryonic hippocampus; and a selection of
enes, Dlx1, Isl1, Nkx2.1, Emx1, Emx2, and Ngn2, whose
expression patterns define large dorsal or ventral regions of
the telencephalon. We report a loss of additional dorsal
telencephalic cell types and gene expression patterns in the
XtJ mutant, accompanied by the ectopic expansion of some
features of ventral telencephalic identity into the dorsal
telencephalon. These abnormalities do not appear to be
accompanied by an expansion of Shh expression in the
telencephalon. We therefore suggest that the XtJ mutation
esults in a derepression of signal transduction pathways
hat specify ventral telencephalic identity. Some of these
ndings were previously presented in abstract form (Grove
t al., 1998a).
MATERIALS AND METHODS
XtJ mice were obtained as heterozygotes in a C3HeB/FeJ back-
ground from the Jackson Laboratory (Bar Harbor, ME) and main-
tained on the same background. Homozygous XtJ embryos and
heir littermates were recovered from heterozygous XtJ crosses at
ages ranging from embryonic day (E)10.5 to E17.5. Midday of the
day of vaginal plug discovery was considered E0.5. Homozygous XtJ
embryos could be distinguished from heterozygous and wild-type
embryos by morphology (Hui and Joyner, 1993; Johnson, 1967), and
this classification was confirmed for each embryo by processing the
trunks and limbs for in situ hybridization with a 39 Gli3 antisense
iboprobe to assess Gli3 expression. No Gli3 expression is detect-
ble by in situ hybridization in XtJ homozygous embryos (Hui and
Joyner, 1993). No differences were seen between wild-type and
heterozygous XtJ mutants in forebrain morphology or gene expres-
sion patterns. These two groups of embryos were therefore pooled
as controls. A total of 473 embryos were collected for the present
study, of which 108 (23%) were classified as XtJ homozygous
mutants, a proportion close to that expected.
Embryo brains either were prepared for in situ hybridization as
whole mounts or were sectioned into three to four adjacent series
of 40-mm-thick sections on a Leica sledge microtome and processed
for in situ hybridization on glass slides. One- and two-color in situ
hybridization was carried out as described previously (Grove et al.,
1998b). Riboprobes incorporating digoxigenin- or fluorescein-
s of reproduction in any form reserved.
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256 Tole, Ragsdale, and Grovelabeled nucleotides were transcribed with T3, T7, or SP6 poly-
merases. The riboprobes were derived from plasmids containing
genomic fragments for Emx1 (0.3 kb), Emx2 (0.6 kb) (Simeone et al.,
1992), and Neurogenin-2 (Ngn2)/MATH4A (2.2 kb) (Sommer et al.,
1996) and cDNA fragments for Bmp2 (1.2 kb), Bmp6 (2 kb), Bmp7
(0.8 kb) (Furuta et al., 1997), Bmp4 (IMAGE Consortium, GenBank
Accession No. AA473799), Dlx2 (0.7 kb) (Liu et al., 1997), Ephb1
(IMAGE Consortium, GenBank Accession No. AA058194), Gli1
(1.7 kb), Gli3 (0.8 kb) (Hui et al., 1994), rat Isl1 (1.5 kb) (Karlsson et
al., 1990), rat KA1 (2.3 kb) (Wisden and Seeburg, 1993), Nkx2.1 (0.5
kb) (Guazzi et al., 1990), Shh (0.8 kb) (Echelard et al., 1993), Wnt3a
(0.4 kb) (Grove et al., 1998b), and Wnt8b (IMAGE Consortium,
GenBank Accession No. AA170920).
RESULTS
XtJ homozygous mutants show a higher frequency of
severe neural tube abnormalities when maintained on a
C3HeB/FeJ background (Grove et al., 1998b), rather than on
a mixed C57Bl6/C3H background (Theil et al., 1999). In
both backgrounds, a proportion of XtJ homozygous mutant
mbryos are exencephalic. In such embryos, a massive
vergrowth of the midbrain partially envelops the forebrain
nd disrupts telencephalic morphology (Grove et al., 1998b;
heil et al., 1999). These embryos are therefore discarded
rom analysis of telencephalic development, and data are
btained only from nonexencephalic mice (Grove et al.,
998b; Theil et al., 1999). In a C57Bl6/C3H background, a
elatively small proportion of XtJ homozygous mutants are
xencephalic (13/117 or 11% total mutant embryos, re-
orted by Theil et al., 1999). By contrast, in a C3HeB/FeJ
ackground, more than half of the recovered XtJ homozy-
gous mutants are exencephalic (Table 1). This observation
suggests that there may be other differences between XtJ
mutants maintained in these two backgrounds and that
even nonexencephalic embryos from the C3HeB/FeJ back-
ground may show a more dramatic neural phenotype.
We present an analysis of nonexencephalic XtJ homozy-
gous mutants only. In these mice, the telencephalon is
usually smaller than in littermate controls (Fig. 1), and less
invagination of the dorsal midline occurs to form the
medial walls of the two telencephalic hemispheres (com-
pare Figs. 2A and 2B). Most embryos were analyzed at E12.5,
an age at which the two hemispheres have formed, and the
TABLE 1
Classification of Homozygous XtJ Embryos Recovered at E12.5 an
Age of embryos
Exencephalic
embryos
Nonexenc
embry
E12.5–E13.5 42 33
E14.5–E17.5 14 16
a An additional 16 embryos were collected at E10.5.cortical hem, developing CPe, hippocampal primordium, s
Copyright © 2000 by Academic Press. All rightnd morphological divisions between dorsal and ventral
elencephalon are clearly evident in controls.
Bmp Gene Expression Is Deficient in the Dorsal
Telencephalon of the XtJ Mutant
In control brains at E12.5, Bmp2, 4, 6, and 7 are strongly
xpressed in the cortical hem and the developing CPe
Furuta et al., 1997; Grove et al., 1998b) (Figs. 1A, 1C, 1E,
nd 1G). Homozygous XtJ mutants are deficient in dorsal
elencephalic expression of all four Bmp genes. Expression
f Bmp2, 4, 6, and 7 is undetectable in the dorsal telenceph-
lon (Figs. 1B and 1H) or present only in tiny patches of
orsal neuroepithelium (Figs. 1D and 1F). By contrast with
he striking deficiency in dorsal telencephalic expression, a
mall territory of Bmp7 expression in the ventral telenceph-
lon appears unaltered in the mutant (Figs. 1I and 1J).
ecause the cortical hem is normally identified by overlap-
ing Wnt and Bmp gene expression, these findings, together
ith previous observations (Grove et al., 1998b), indicate
hat, at E12.5, the XtJ mutant lacks a cortical hem.
Molecular Markers of the Hippocampus Are
Missing in the XtJ Mutant
At midgestation, the cortical hem lies between the devel-
oping telencephalic CPe and the hippocampal primordium.
Previous observations indicate that the telencephalic CPe is
missing in homozygous XtJ mutants (Grove et al., 1998b).
e therefore determined if the primordium of the hip-
ocampus, the major structure on the other side of cortical
em, is also missing.
The cortical hem is delineated at E12.5 by the selective
xpression of Wnt2b, 3a and 5a (Grove et al., 1998b).
nother Wnt gene, Wnt8b, is expressed more broadly in a
dorsomedial sector of neuroepithelium that includes the
hippocampal primordium, the cortical hem, the CPe, and a
small territory that forms the ventral attachment point of
the CPe (Fig. 2A; Lee et al., in press). Unlike several other
Wnt genes (Grove et al., 1998b), Wnt8b is expressed in the
dorsal telencephalon of homozygous XtJ mutants (Fig. 2B),
lthough Wnt8b expression marks a smaller domain overall
han in control brains. The Wnt8b-positive region in the
utant is clearly highly dysmorphic (Fig. 2B), so that dorsal
era
lic Total embryos
recovered
Percentage of
homozygous mutants
305 25%
152 20%d Old
epha
ostructures such as the CPe, hem, and hippocampal primor-
s of reproduction in any form reserved.
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257Disrupted Telencephalic Patterning in XtJ Mice
Copyright © 2000 by Academic Press. All rightdium are not morphologically identifiable. Nonetheless,
retained Wnt8b expression suggests that at least some
dorsal telencephalic tissue that normally generates these
structures remains. We therefore used molecular markers
to determine if embryonic hippocampal cells are present in
the XtJ mutant, perhaps forming a scrambled hippocampus
that is not identifiable by morphology. Some of these
markers have been used previously to detect tiny popula-
tions of residual hippocampal cells in mice in which all or
parts of the hippocampus appear by morphology to be
missing (Tole, Goudreau, Assimacopoulos, and Grove, sub-
mitted for publication; Lee et al., in press).
Recent observations indicate that particular embryonic
cortical regions are outlined by the expression of ephrins
and Eph receptors (Donoghue and Rakic, 1999). We have
found that expression of the Eph receptor Ephb1 fills the
presumed hippocampal primordium at E12.5, curving dor-
sal to the Wnt-rich cortical hem (Fig. 2C). Of identified
markers of the embryonic hippocampus, Ephb1 is the first
to be expressed. Markers of individual hippocampal fields,
CA1, CA3, and the dentate gyrus, subsequently appear at
E14.5 as overt field pattern emerges in the hippocampus
(Tole et al., 1997).
In control mice at E12.5, a broad band of Ephb1 expres-
sion appears along the medial face of the telencephalic
hemisphere, marking the presumed hippocampal primor-
dium (Fig. 2D). In homozygous XtJ mutants, the medial face
f the telencephalon has an abnormal appearance, due to an
ncomplete invagination of the telencephalic medial wall
compare Figs. 2A and 2D with Figs. 2B and 2E). The
ippocampus would be expected to develop in this short-
ned medial wall (arrowheads in Fig. 2E), but no detectable
phb1 expression appears in this position (Fig. 2E, 5/5
omozygous XtJ mutants processed as whole mounts). At
E15.5, expression of the glutamate receptor subunit, KA1,
marks the major hippocampal field CA3 in control mice. In
homozygous XtJ mutants at the same age, robust KA1
xpression appears in the thalamus, but no KA1 expression
s detected in the medial telencephalon (Figs. 2F and 2G).
The Dorsal Telencephalon in the XtJ Mutant
Expresses Some but Not All Characteristic
Regional Markers
The cortical hem and dorsal telencephalic structures that
normally lie on either side of the hem appear to be lost in
XtJ homozygous mutants, judged by both morphological
criteria (Franz, 1994; Theil et al., 1999) and molecular
markers (Grove et al., 1998a,b; this study). To determine if
there are more widespread defects in dorsal telencephalic
regional identity in the XtJ mutant, we examined broad
ene expression patterns that normally differentiate be-
ween the dorsal and ventral telencephalon.
In control mice at E12.5, the neurogenin family member,
gn2, is expressed throughout the dorsal telencephalic
euroepithelium, but not in the ventral telencephalon (Fig.FIG. 1. Bmp gene expression is reduced in the dorsal telenceph-
lon of the XtJ mutant. (A–H) E12.5 brains, processed for in situ
hybridization, viewed from the dorsal surface; rostral is to the left.
(I, J) E12.5 telencephalon viewed from the rostral end; dorsal is at
the top. Abbreviations: T, telencephalon; D, diencephalon; M,
midbrain; EC, embryonic cerebral cortex; 2/2, homozygous XtJ
mutant; c, control brain. (A, C, E, G) Bmp2, 4, 6, and 7 are strongly
expressed in the dorsomedial telencephalon of control mice. Bmp4
expression also appears in the diencephalon, and Bmp6 expression
appears at the dorsal midline of both the diencephalon and the
midbrain. (B, D, F, H) Bmp gene expression is strongly reduced (D,
F) or absent (B, H) in the dorsomedial telencephalon of XtJ homozy-
gous mutants. Diencephalic expression of Bmp4 and Bmp6 is still
detected. (I, J) Bmp7 (arrows) is expressed in the ventral telenceph-
alon of both an XtJ homozygous mutant (J) and a littermate control
ouse (I). Paired XtJ mutant and littermate control brains (A/B;
C/D; E/F; G/H; I/J) are shown at the same scale. For each brain
shown, an opening was made at the rostral end of one hemisphere
to allow access of reagents during the in situ hybridization process-A). The vertebrate homologs of the Drosophila head gap
s of reproduction in any form reserved.
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258 Tole, Ragsdale, and Grovegene empty spiracles, Emx1 and Emx2, are also expressed in
the telencephalon (Simeone et al., 1992). Emx1 is expressed
more selectively in the dorsal telencephalon, whereas Emx2
expression extends into the ventral telencephalon as well
(Figs. 3B and 3C). In XtJ homozygous mutants at E12.5,
expression of both Ngn2 and Emx2 is readily detectable in
the dorsal telencephalon, but Emx1 expression is reduced or
FIG. 2. Dorsomedial telencephalic tissue is present in the XtJ mu
G) Coronal sections through the brains of XtJ homozygous mutants
F, G). (C–E) E12.5 telencephalic hemispheres viewed from the me
ippocampal primordium; CPe, choroid plexus epithelium; Th, th
elencephalon in both an XtJ homozygous mutant (B) and a litterm
hem, and choroid plexus epithelium can be distinguished in the c
processed to show gene expression for Ephb1 (purple) and Wnt3a
arks a band dorsal to the hem that corresponds to the presumed
arks the presumed hippocampal primordium in a control brai
elencephalon in a littermate XtJ mutant, where the hippocampal p
that the medial wall of the telencephalon is incompletely invaginat
is visible. (F, G) Expression of KA1 marks field CA3 in a control b
osition in an XtJ homozygous mutant telencephalon (arrow in G)absent (Figs. 3D–3F). e
Copyright © 2000 by Academic Press. All rightThe Dorsal Telencephalon in the XtJ Mutant Is
Partially Ventralized
The expression of several different transcription factors,
including Dlx2, Isl1, and Nkx 2.1, distinguishes the ventral
rom the dorsal telencephalon (Sussel et al., 1999). Thus, at
12.5 in control brains, the MGE and LGE are marked by
, but molecular markers of the hippocampus are missing. (A, B, F,
) or littermate control brains (c) harvested at E12.5 (A, B) or E15.5
face, rostral is to the left. Abbreviations: hem, cortical hem; HP,
us; V, ventricle. (A, B) Wnt8b expression marks the dorsomedial
ontrol brain (A). The presumed hippocampal primordium, cortical
ol, but not mutant, brain. (C) An E12.5 telencephalic hemisphere
n). Wnt3a expression marks the cortical hem. Ephb1 expression
ocampal primordium. (D, E) A curving band of Ephb1 expression
). Arrowheads in E indicate the edge of the medial wall of the
rdium should reside. This region is free of Ephb1 expression. Note
the XtJ mutant, so the lateral ventricle (V) within the hemisphere
(arrow in F). No KA1 expression is detected at the corresponding
ough KA1 is expressed in the thalamus (Th) of both brains (F, G).tant
(2/2
dial
alam
ate c
ontr
(brow
hipp
n (Dxpression of Isl1, with no expression detected in the dorsal
s of reproduction in any form reserved.
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259Disrupted Telencephalic Patterning in XtJ Micetelencephalon (Figs. 4H and 4I). Strong expression of Dlx2
lso distinguishes the ventral from the dorsal telencephalon
t this age (Figs. 4A–4C). Although at later ages, Dlx2-
expressing cells migrate into the embryonic cerebral cortex
(Anderson et al., 1997), such cells are not detected at E12.5.
y contrast, in XtJ homozygous mutants, Isl1 (Figs. 4K and
4L) and Dlx2 expression (Figs. 4D–4F) extends in a dramatic
manner into the dorsal telencephalon. This ectopic expres-
sion is most striking in the rostral telencephalon (Figs. 4D,
4E, and 4K), where Dlx2- and Isl1-expressing cells are found
throughout the telencephalic hemisphere. Ectopic Isl1 and
Dlx2 expression continues to midrostrocaudal levels (Figs.
4F and 4L), with patches of misplaced expression appearing
immediately dorsal to the LGE and at the medial tip of the
cortical neuroepithelium. Striking ectopic expression of
Dlx2 and Isl1, similar to that shown in Fig. 4, was observed
in 9/11 embryos analyzed at E12.5 or E15.5 for Dlx2 and 5/6
E12.5 embryos analyzed for Isl1.
At E12.5, expression of the Eph receptor Ephb1 not only
marks the hippocampal primordium, but is also expressed
in the MGE and LGE. Ephb1 expression is notably absent in
the large territory of lateral cortical neuroepithelium that
intervenes (Fig. 4G). As noted above, selective Ephb1 ex-
pression is not detectable in the medial telencephalon of
homozygous XtJ mutants at E12.5. Ephb1 expression is
etained, however, in the ganglionic eminences and on the
ateral face of the hemisphere can be seen to extend ectopi-
ally beyond the LGE into the rostral half of the dorsal
elencephalon (Fig. 4J, observed in 5/5 E12.5 embryos pro-
essed for Ephb1 whole mount in situ hybridization).
A gross morphological difference between mutant and
ontrol brains is also apparent in the tissue sections shown
n Fig. 4. At E12.5, the embryonic cerebral cortex in the XtJ
mutant appears both shorter and somewhat thicker than
control cortex (Fig. 4, paired control and mutant brains are
shown at the same scale). Perhaps because of this, an
increased number of grooves form in the ventricular zone of
the mutant telencephalon compared with control brains
(arrowheads in Fig. 4L)
Shh Is Expressed Normally in the XtJ Mutant
Ventral Telencephalon
Recombinant Shh induces ectopic expression of ventral
markers in tissue derived from the dorsal forebrain (Ericson
et al., 1995; Kohtz et al., 1998). Thus, an expansion of
ypically ventral telencephalic features into the dorsal tel-
FIG. 3. The dorsal telencephalon in the XtJ mutant expresses Ngn
f XtJ homozygous mutants (2/2) or littermate controls (c) harvest
ganglionic eminence; Th, thalamus. (A, D) Ngn2 is expressed in th
utant and a littermate control. Note that, in the mutant, the th
hrinkage of the cerebral hemisphere (D). (B, E) Emx2 is expressed in
tJ homozygous mutant (E) and control (B) brains. (C, F) Emx1 is ex
n XtJ homozygous mutant brain (F).
Copyright © 2000 by Academic Press. All rightncephalon could be explained by a spread of Shh expres-
ion beyond its normal boundaries in the telencephalon.
uch a spread could raise levels of Shh protein in the
utant dorsal telencephalon and directly induce ectopic
evelopment of ventral features. This hypothesis is
rompted by observations that Shh is ectopically upregu-
ated in both the limb bud and the spinal cord of extra-toes
utant mice (Buscher et al., 1997; Ruiz i Altaba, 1998). To
est this hypothesis, six XtJ mutant brains that showed
ctopic expression of ventral telencephalic markers (Isl1,
lx2) and four additional mutant embryos were assayed for
hh expression. At both E10.5 (Figs. 5A and 5E) and E12.5
Figs. 5B and 5F), Shh expression remains confined to the
entromedial telencephalon in the mutant with no evi-
ence of ectopic dorsal or lateral spread.
Expression of Nkx2.1 and Gli1 Is Not Expanded in
the XtJ Mutant
Expression of the homeobox gene Nkx2.1 can be upregu-
lated by recombinant Shh (Ericson et al., 1995; Kohtz et al.,
1998; Shimamura and Rubenstein, 1997). Thus, an in-
creased Shh signal in the telencephalon might be expected
to alter the pattern of Nkx2.1 expression. However, in the
ventral telencephalon of XtJ homozygous mutants, even
many of the fine details of the Nkx2.1 expression pattern
appear similar to those observed in control brains (Figs. 5C
and 5G; 6/6 E12.5 mutant embryos). Expression of the Gli
family member Gli1 is also upregulated by high levels of
Shh (Grindley et al., 1997; Lee et al., 1997; Marigo et al.,
996). However, in both XtJ mutant and control mice,
trong Gli1 expression is confined to the ventral telenceph-
lon, with little detectable expression in the dorsal telen-
ephalon (Figs. 5D and 5H).
The absence of ectopic Nkx2.1 or Gli1 expression in the
tJ telencephalon is an additional indication that a Shh
signal is not directly increased in the mutant. Moreover,
our observations suggest that while the boundary between
the LGE and the dorsal telencephalon is compromised in
the XtJ homozygous mutant, the boundary between the
MGE and LGE, respected by Shh, Nkx2.1, and Gli1 expres-
sion, remains largely intact.
DISCUSSION
Our observations indicate that the Gli3 mutation in the
tJ mutant mouse blocks the normal development of dorsal
d Emx2, but not Emx1. (A–F) Coronal sections through the brains
E12.5. Abbreviations: EC, embryonic cerebral cortex; LGE, lateral
bryonic cerebral cortex and thalamus of both an XtJ homozygous
us extends dorsal to the embryonic cerebral cortex because of a
embryonic cerebral cortex and lateral ganglionic eminence of both
sed in the embryonic cerebral cortex of a control brain (C), but not2 an
ed at
e em
alam
the
press of reproduction in any form reserved.
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260 Tole, Ragsdale, and GroveFIG. 4. Molecular markers of ventral telencephalic identity extend ectopically into the dorsal telencephalon in the XtJ mutant. (A–F, H,
, K, L) Coronal sections through the brains of XtJ homozygous mutants (2/2) or littermate controls (c) harvested at E12.5. (G, J) E12.5
elencephalic hemispheres viewed from the lateral face; rostral is to the left. Abbreviations: EC, embryonic cerebral cortex; LGE, lateral
anglionic eminence; GE, ganglionic eminence. (A–C) Progressively more caudal sections through the brain of a control embryo. At all
evels, expression of Dlx2 is confined to the ventral telencephalon and does not extend detectably into the embryonic cerebral cortex. (D–F)
rogressively more caudal sections through the brain of an XtJ homozygous mutant. Strong Dlx2 expression extends beyond the ganglionic
minences into the embryonic cerebral cortex. Ectopic expression is most striking at rostral levels (D, E), but also appears more caudally
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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261Disrupted Telencephalic Patterning in XtJ Micetelencephalic cell types and promotes signals that specify
features of a ventral telencephalic identity. The dorsalmost
telencephalon is partially specified to its correct regional
identity in homozygous XtJ mutants, as indicated by the
dorsal expression of Wnt8b. However, this tissue fails to
generate recognizable dorsal structures. No cortical hem
can be identified by overlapping Wnt and Bmp gene expres-
sion in the XtJ mutant, and the telencephalic CPe and
ippocampus also appear to be missing, as assessed by both
orphology (Franz, 1994; Theil et al., 1999) and molecular
arkers (Grove et al., 1998; this study). In addition, the XtJ
mutant dorsal telencephalon adopts features of a ventral
telencephalic identity. Gene expression markers of the
ganglionic eminences, such as Dlx2, Isl1, and Ephb1, ex-
tend ectopically into the embryonic cerebral cortex. Gene
expression markers that normally characterize the embry-
onic cerebral cortex are variably affected in the mutant.
Whereas Wnt7a, Ngn2, and Emx2 are expressed in XtJ
cortical neuroepithelium at E12.5 (Grove et al., 1998b; this
study), Emx1 expression is deficient or absent.
(F). Asterisk in F indicates a patch of Dlx2 expression in the med
edial Dlx2 labeling seen at rostral levels (compare D–F). (G, J) Eph
brain (J). In the mutant, Ephb1 expression extends into the rostral h
in the control brain (asterisk in G) is free of Ephb1 expression. (H
confined to the ventral telencephalon in a control brain (H, I), but
L). Asterisks and arrows in K and L indicate sites of ectopic expre
FIG. 5. Expression of Shh, Nkx2.1, and Gli1 is confined to the ven
B, F) The E12.5 telencephalon viewed from the rostral end; dorsal is
f reagents during the in situ hybridization processing. (C, D, G, H)
or littermate controls (c) harvested at E12.5. (A, E) Expression o
homozygous mutant (E) embryos. Arrow in E points to ventral tele
he ventromedial telencephalon in both control and mutant brains.
C, G) Expression of Nkx2.1 is confined to the ventromedial telence
xpression is noted into the lateral ganglionic eminence of the mu
f both control and mutant brains. No ectopic dorsal expression isappear in the ventricular layer of the mutant telencephalon.
Copyright © 2000 by Academic Press. All rightEctopic expression in the XtJ dorsal telencephalon of
genes implicated in the development of ventral cell types
seems highly likely to disrupt normal dorsal development.
Indeed, as embryogenesis proceeds, the XtJ cerebral cortex
akes on a progressively more abnormal morphology and
ecomes increasingly difficult to distinguish from the cell
asses that form the embryonic basal forebrain (Franz,
994; Grove et al., 1998b; Theil et al., 1999). At E12.5, the
mbryonic cortex, identifiable by the retained expression of
uch markers as Ngn2, already appears thicker than control
ortex (see Fig. 4), and, in some cases, extra grooves appear
n the ventricular layer of the telencephalon, similar to the
rooves that normally divide the ganglionic eminences (see
ig. 4L). Such abnormalities might be expected from an
ncomplete transformation of the dorsal telencephalon
rom a cortical to a subcortical morphology. It would be
nteresting to determine the consequences of such a partial
ransformation on later, region-specific neuronal differen-
iation. For example, might neurons in the XtJ cerebral
ortex develop features typical of neurons in the striatum or
bryonic cortex. This patch appears continuous with the ectopic
expressed in the ventral telencephalon of a control (G) and mutant
f the dorsal telencephalon (asterisk in J). The corresponding region
, L) Rostral (H, K) and caudal (I, L) sections. Expression of Isl1 is
ds ectopically into the dorsal telencephalon in a mutant brain (K,
. Arrowheads in L indicate the increased number of grooves that
edial telencephalon in the XtJ mutant. (A, E) E10.5 whole embryos.
he rostral tip of each hemisphere has been removed to allow access
nal sections through the brains of XtJ homozygous mutants (2/2)
h is similar in the ventral telencephalon of control (A) and XtJ
alic expression in the mutant. (B, F) Shh expression is confined to
s indicate the lateral boundary of the medial ganglionic eminence.
on in both control and mutant brains. No ectopic spread of Nkx2.1
(G). (D, H) Gli1 is strongly expressed in the ventral telencephalon
cted in the mutant (H).ial em
b1 is
alf o
, I, K
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262 Tole, Ragsdale, and Groveother basal forebrain nuclei? Unfortunately, the progressive
disruption of general brain morphology in the XtJ mutant
(Franz, 1994; Grove et al., 1998b; Theil et al., 1999) ob-
tructs this type of detailed analysis in late gestation.
The loss of dorsal telencephalic features in the XtJ mu-
ant and the ectopic expansion of ventral features do not
ppear to be due to a direct upregulation of Shh signaling in
he telencephalon. Dramatic ectopic expression of Dlx2 or
sl1 did not correlate with ectopic expression of Shh, and
li1 and Nkx2.1, downstream targets of Shh signaling, were
xpressed in normal patterns in the mutant telencephalon.
revious studies have indicated that expression of Shh and
kx2.1 in the ventral telencephalon may be initiated by an
nductive Shh signal from axial mesendoderm (Dale et al.,
997; Ericson et al., 1995; Shimamura and Rubenstein,
997). In the present study, we did not determine if expres-
ion of Shh is upregulated in XtJ mutants in the axial tissue
underlying the early embryonic forebrain. However, the
normally restricted expression of Shh and Nkx2.1 in the XtJ
mutant provides indirect evidence against such an upregu-
lation.
At least two alternative explanations are possible of the
development of a partially “ventralized” dorsal telenceph-
alon in the XtJ mouse. First, rather than causing a direct
xpansion of a ventralizing signal, the Gli3 mutation may
esult in a failure to supply a dorsalizing signal. In the spinal
ord and hindbrain, a balance between signals mediated by
hh, and by Bmp proteins and other TGFb family members,
appears to regulate basic dorsoventral patterning of the
neural tube and the development of specific regional cell
types (Tanabe and Jessell, 1996). The XtJ mutant lacks Wnt
and Bmp signals supplied by the cortical hem. Thus signals
may be lost that are normally required to specify and
expand dorsal telencephalic cell populations and to antago-
nize signals that ventralize the telencephalon. The loss of
cortical hem expression of Wnt3a (Grove et al., 1998), for
example, could alone account for the loss of the hippocam-
pus in XtJ homozygous mutants. A striking loss of the
hippocampus has been observed in mice deficient in expres-
sion of Wnt3a, indicating that a local Wnt3a signal, derived
from the cortical hem, is required for hippocampal devel-
opment (Lee et al., in press).
A second possible explanation is that the Gli3 mutation
in XtJ mutants results in the loss of a mechanism that
normally suppresses a Shh-activated ventralizing pathway.
Gli3, like Gli2, has both activator and repressor function-
alities (Dai et al., 1999; Ruiz i Altaba, 1999; Sasaki et al.,
1999; Shin et al., 1999). Cell culture experiments and
Gli2/Gli3 double mutants provide evidence that Gli3 can
activate transcription in response to Shh (Dai et al., 1999;
Sasaki et al., 1999), but there is also evidence that the
repressor functions of Gli3 may dominate, at least when
Gli2 is present (Ruiz i Altaba, 1999). Our findings of partial
ventralization of the XtJ homozygote telencephalon are
more consistent with this second model. It is also possible
that the specific deletion in the Gli3 gene of XtJ mice
contributes to the ventralization. Buscher et al. (1998)
Copyright © 2000 by Academic Press. All rightidentified a fusion transcript of 59 Gli3 sequence with 293
bp of anonymous sequence. It is not yet known what the
levels of expression of the fusion transcript are or whether
the coding sequence is translated. Any product is, however,
predicted to contain the N-terminal repression domain of
Gli3 and the first zinc finger, which appears insufficient to
confer specific DNA binding (Buscher et al., 1998). This
truncated protein could have activity. Pearse et al. (1999)
have identified vertebrate homologs of Drosophila suppres-
sor of fused [Su(fu)] and shown that the N-terminal region
of human Gli3 can interact specifically with chick Su(fu).
They suggest that Gli3 C-terminal truncations lacking the
zinc finger domain could disrupt Shh signaling by compet-
ing for Su(fu) binding. In fly development, Su(fu) inhibits
hedgehog signaling, so an XtJ Gli3 product that interferes
ith Su(fu) function would be expected to disinhibit Shh
ignaling and might contribute to the partial ventralization
e have found in XtJ dorsal telencephalon.
Finally, evidence for a Sonic hedgehog-independent ven-
tralizing signal in mouse spinal cord (Pierani et al., 1999)
raises the possibility that Gli3 in dorsal telencephalon
could also serve to repress ventralizing pathways that are
not solely Sonic hedgehog activated.
Findings from the present study indicate that the bound-
ary between the LGE and the dorsal telencephalon is
compromised in the XtJ homozygous mutant, but that the
oundary between the MGE and LGE, respected by Shh,
kx2.1, and Gli1 expression, remains intact. The MGE, the
entralmost part of the telencephalon, is the site of telen-
ephalic Shh expression and thus likely to receive the
ighest level of a Shh signal, as well as the lowest levels of
utative signals generated by a dorsal signaling center. The
entralmost telencephalon might therefore be unaffected
y a disinhibition of a Shh signal or the loss of a dorsal
ignaling center.
One consequence of the XtJ mutation is a reduction of
mx gene expression in the embryonic cerebral cortex,
uggesting that Gli3 is required to establish or maintain
Emx gene expression (Theil et al., 1999; this study). Emx1
expression was not detected in the mutant telencephalon in
either study. Relatively few of the telencephalic defects
observed in the XtJ homozygous mutants, however, are
readily attributable to a loss of Emx1 alone. Emx1 mutant
mice show only subtle defects in the forebrain that include
defects in cortical layering and in development of the
corpus callosum and anterior commissure (Yoshida et al.,
1997). Theil et al. (1999) were also unable to detect fore-
brain expression of Emx2 in XtJ homozygous mutants
analyzed at E8.5–11.0. We found, however, that Emx2 is
xpressed in the mutant telencephalon at E12.5, although at
omewhat reduced levels compared with control mice. This
iscrepancy could be due to the ages of the embryos
xamined or reflect background differences between the XtJ
mutants analyzed in the two studies. In either case, an early
deficiency in Emx2 expression in the XtJ mutant telenceph-
alon would be unlikely to account for the more dramatic
defects described in the present study. For example, al-
s of reproduction in any form reserved.
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263Disrupted Telencephalic Patterning in XtJ Micethough mice that lack Emx2 expression entirely have no
morphologically identifiable hippocampal dentate gyrus
(Pellegrini et al., 1996; Yoshida et al., 1997), all hippocam-
pal fields are present in the Emx2 mutant, including a
dentate cell population (Tole, Goudreau, Assimacopoulos,
and Grove, submitted for publication). Thus, a deficiency of
Emx2 expression is unlikely to cause the loss of the
ippocampus in the XtJ mutant. Finally, no specific dorso-
ventral patterning defects have been reported in mouse
mutant lines deficient in either Emx1 or Emx2 expression
(Pellegrini et al., 1996; Yoshida et al., 1997), although it
remains to be seen if such defects emerge in a double
knockout mouse.
A striking difference between the findings reported here
and those of Theil et al. (1999) is that Theil and colleagues
report no ectopic spread of ventral markers into the dorsal
XtJ telencephalon, even though expression of Dlx2 was
xamined (Theil et al., 1999). The reason for this difference
emains uncertain. The discrepancy could be due to a
ifference in the age of the embryos examined (E11.5, Theil
t al., 1999; E12.5, this study), but a plausible explanation is
difference in the backgrounds in which the XtJ mutants
were maintained. As noted above, XtJ homozygous mutants
isplay more frequent gross neural defects in a C3HeB/FeJ
ackground. Other defects, including the partial ventraliza-
ion of dorsal telencephalon, might therefore be more
rominent and readily identifiable in XtJ mutants main-
ained in this background. The nature of the modifiers of
li3 function in the telencephalon of C3HeB/FeJ mice is
nknown, but it may be significant that one of the defects
n XtJ homozygotes is a loss in the Bmp-rich cortical hem,
given that the severity of patterning defects in Bmp4-
deficient mice is known to depend on genetic background
(Dunn et al., 1997; Winnier et al., 1995).
In summary, our findings indicate that dorsoventral pat-
terning of the telencephalon is disrupted by the XtJ muta-
ion. This disruption does not appear to be due to a direct
xpansion of a ventralizing signal, represented by Shh.
owever, the dorsal telencephalon in the XtJ mutant nota-
ly lacks expression of Bmp and Wnt genes that normally
define a putative dorsal signaling center, the cortical hem.
We suggest that the XtJ mutation results in a derepression
of signal transduction pathways that specify ventral telen-
cephalic identity. This derepression may be caused by the
loss of signals derived from the cortical hem or may result
from a disruption of Gli3-mediated suppression of Shh
signaling. Analysis of the XtJ mutant thus prompts further
nvestigation of the role of the cortical hem in telencephalic
atterning and the involvement of the Gli genes in the
ediation of Shh signaling in the telencephalon.
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